Abstract: Zn-Ni plating is indispensable in various industries because of its high corrosion 12 resistance. However, Ni has been reported to trigger allergies; thus, an alternative Ni-free plating is 13 desired. Zn-Fe plating is considered to be a promising candidate, albeit its corrosion resistance still 14 needs to be improved. The corrosion resistance of Zn-Fe plating is expected to increase by the 15 addition of Mo as the third alloying element as it is more noble than Zn and Fe. In this study, Zn-
Introduction

28
Metals such as steel and cast iron are typically used as the major components of architecture 29 and machines in daily life [1] . In several cases, these metals are exposed to harsh environments, and 30 protection against corrosion is a critical issue particularly where high reliability is required. The 31 application of corrosion-resistant alloys, including stainless steels, is an effective solution; however, 32 the high cost hinders its applications for daily use [2] . Another promising method to improve 33 corrosion resistance is protection by Zn plating or so-called galvanization [3] . It protects the 34 underlying steel or cast iron by the sacrificial corrosion protection effect, and its considerably lower 35 cost has led to its widespread use in various fields.
36
Currently, protection coatings with a high corrosion resistance are desired to extend the life of 37 industrial products for realizing a sustainable society and for withstanding a more severe 38 environment to meet industrial demands. Alloying with iron-group elements such as Fe and Ni is 39 well known in improving the corrosion resistance of Zn platings [4] [5] [6] [7] [8] . By the formation of alloys of
40
Zn with iron-group elements, the standard electrode potential of the alloy becomes closer to that of 41 the substrate metal. The smaller potential difference between the plating and substrate decreases the Meanwhile, in recent years, Ni allergies have become a social concern. In fact, allergic contact 48 dermatitis in children is caused by nickel [10] . Nickel ions released from various alloys are potent 49 allergens or haptens that can trigger skin inflammation [11] . Therefore, an alternative nontoxic
50
Ni-free plating with a corrosion resistance equivalent to or higher than that of Zn-Ni plating is 51 desired. Zn-Fe plating is considered to be promising because of its cost-effectiveness and 52 nontoxicity. However, it exhibits insufficient corrosion resistance, corresponding to only one-third 53 of that of the Zn-Ni plating [12] . Meanwhile, the addition of noble elements such as Mo and W into 54 plating has been reported to improve the corrosion resistance via the stabilization of the passive film 55 [13, 14] . Mo and W cannot be electrically deposited from solutions alone, but these elements have 56 been reported to undergo co-deposition with iron-group elements [15, 16] . This result indicated that 57 these elements are also possibly co-deposited into Zn-Fe platings; however, studies of Zn-Fe-Mo 58 plating have been rarely reported thus far to the best of our knowledge [17] [18] [19] [20] [21] . In this study, Zn-Fe-
59
Mo plating was electrically deposited by the addition of Mo into the plating bath, and its effect on 60 corrosion resistance was investigated. Furthermore, the possibility of using Zn-Fe-Mo platings to 61 replace conventional Zn-Ni platings was discussed. 
62
Materials and Methods
63
Bath preparation
64
68
Nacalai Tesque, Inc.). Typically, 60 mL of distilled water (DI) was first added into a 100-mL Pyrex 69 glass beaker, and C6H5Na3O7·2H2O, Na2SO4, Na2MoO4·2H2O, ZnSO4·7H2O, and FeSO4·7H2O were 70 added in the order mentioned. Second, the pH was adjusted using sodium hydroxide (NaOH,
71
Nacalai Tesque, Inc.) and sulfuric acid (H2SO4, Nacalai Tesque, Inc.) solutions, respectively, and the 72 total bath volume was adjusted to 100 mL by the addition of distilled water. All procedures were 
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= .
(1)
Here, ZX (X = Zn, Fe, or Mo) is the ionic valence of each element, nX is the molar amount obtained
97
from EDS analysis, F is the Faraday constant, and Q is the amount of electricity passed.
98
The corrosion resistance was evaluated by anode polarization tests. A 3 mass% sodium chloride 285 Figure 19 shows the relationship between the peak intensity ratio of the alloy and Zn phases 
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